reasons are still unclear. Prolonged colonization by P. aeruginosa and damage ofthe epithelial mucosa by the release of pseudomonal exoproducts, with consequent impairment of lung function, have been suggested to enhance the chance of S. maltophilia to colonize the respiratory epithelium and to significantlycontribute to the progressive deterioration ofCF patients' lungs (5) .
Despite its clinical importance and although some virulence traits have been identified using different in vitro and in vivo models (6) (7) , the basis of the pathogenicity of S. maltophilia in CF patients is poorly understood. S. maltophilia strains of environmental and clinical origin have been shown to be able to adhere to and to invade cultured epithelial respiratory cells, as well as to adhere to different abiotic surfaces with production of biofilm (5, 8) .
In the present study we analyzed some virulence traits of 11 S. maltophilia clinical isolates from CF patients, as well as of two non-respiratory S. maltophilia reference strains. The virulence traits considered were the ability to form biofilm on abiotic surfaces, and the interactions (adherence and/or invasion) with cultured A549 epithelial cells. Furthermore, the strains were characterized for antibiotic susceptibility and motility, and for the presence of virulence-associated genes by Southern blot analysis. The correlation between biofilm formation and the presence of other virulence factors was determined.
MATERIALS AND METHODS

Bacterial strains and growth conditions
The 13 S. maltophilia strains used in this study are listed in Table 1 . Bacteria were identified by standard techniques (API 20-NE System; Biolvlerieux, Marcy-L'Etoile, France). All S. maltophilia strains, herein designated as OBG, were isolated from respiratory secretions of CF patients at the Hospital "Bambin Gesu" of Rome. S. maltophilia LMG959, an environmental isolate, and K279a, a clinical blood isolate, were used as reference strains (9) . Bacteria were routinely grown at 37°C in Brain Heart Infusion (BHI) broth, Trypticase Soy Broth (TSB) or in Luria-Bertani (LB) broth, unless otherwise indicated. LMG959 was always grown at 30°C since it is unable to grow at 37°C.
Antibiotic resistance was determined on MullerHinton agar plates containing single antibiotics. The antibiotics were used at the following concentrations: ampicillin (Ap), 50 ug/rnl; chloramphenicol (Cm), 30 ug/ml; gentamicin (Gm), 10 ug/ml; kanamycin (Km), 30 ug/rnl; spectinomycin (Sp), 20 ug/ml; streptomycin (Sm), 100 ug/rnl; sulphonamide (Su), 600 ug/ml; tetracycline (Tc), 10 ug/ml; trimethoprim (Tp) 10 ug/rnl; nalidixic acid (Nal), 40 ug/rnl; rifampin (Rif), 100 ug/ml.
Biofilm production assay
Overnight cultures of S. maltophilia were prepared in TSB by incubating at 35°C (30°C for strain LMG959) under dynamic conditions (90 rpm). Cultures were diluted into fresh TSB to reach I OD 55o (approximately, I x 10 9 CFU/ml). Bacteria were diluted I: 100, and 200 III of the bacterial suspensions were dispensed into wells of sterile flat-bottom polystyrene tissue culture plates, and incubated for further 24 h. Non-adherent bacteria were removed by washing three times with sterile phosphate-buffered saline (PBS). Quantification of the total S. maltophilia biofilm biomass was performed by crystal violet assay: slime and adherent cells were fixed by incubating at 60°C for I h and stained at room temperature for 5 min with 200 fJI of I% Crystal violet solution. The wells were then rinsed with distilled water and dried at 37°C for 30 min. Stained biofilms were solubilized by treatment with 250 III of33% glacial acetic acid for 15 min, and the OD492 of the solubilised biofilms was determined. The low cut-off was represented by approximately 3 standard deviations (SDs) above the mean OD of control wells not challenged with bacteria (10).
Motility Assays
All motility assays (swimming, swarming and twitching) were performed using single colonies grown overnight on Mueller-Hinton agar (MHA) plates (II). (i) Swimming. Tryptone swim plates (I % tryptone, 0.5% NaCI, 0.3% agar) were inoculated at the surface by using a sterile needle and incubated for 24 h at 35°C (30°C for strain LMG959). (ii) Swarming. Swarm plates were composed of 0.5% agar and 0.8% nutrient broth (Oxoid), supplemented with 0.5% glucose, and dried at room temperature overnight before use. The plates were inoculated with a sterile needle and incubated at 35°C (30°C for strain LMG959) for 24 h. (iii) Twitching. Bacteria were inoculated with a sterile needle through the twitch agar (1% TSB, I% agar) to the bottom of the Petri dish. After incubation for 72 h at 37°C (30°C for strain LMG959), the hazy zone of growth at the interface between the agar and the polystyrene surface was observed. After careful removing the agar layer, unattached cells were eliminated by washing with distilled water and attached bacteria were stained with 1% Crystal violet. Motility was assessed by calculating the diameter (mm) of the circular turbid zone formed by the bacterial cells migrating away from the point of inoculation.
All tests were performed in quadruplicate and repeated on two different occasions. The interdependence between biofilm formation and motility was evaluated with Pearson's linear correlation coefficient. P values < 0.05 were considered as statistically significant.
Adhesion to and invasion ofeukaryotic cells
The airway-derived A549 epithelial cell line was used for adhesion and invasion assays. Cells were cultured to confluence in RPMI medium containing 10% fetal calf serum and antibiotics in 12-well tissue culture microplates on glass coverslips. In adhesion assays monolayers were exposed to different concentrations of S. maltophilia suspensions (multiplicity of infections 10 to 100) in RPMI medium. After Ih or 3h at 37°C cell monolayers were extensively washed with sterile PBS, fixed with methanol, stained with May-Grunwald/Giemsa and examined by light microscopy (Leica CTR5000 microscope, Germany).
In invasion assays mono layers were cultured and infected, as described above, at a multiplicity of infection 10 to 100. After I h of incubation at 37°C, infected monolayers were extensively washed in sterile PBS, and incubated for increasing time intervals with a mixture of two antibiotics (amikacin, I mg/ml, and ceftazidime I mg/ml) in order to kill extracellular bacteria. We had previously determined that at these concentrations the combination of the two antibiotics inhibits S. maltophilia growth by more than 99% (data not shown). Thereafter, infected monolayers were extensively washed with PBS and either fixed or stained with May-Grunwald/Giemsa stain, and either visualized under the light microscope or lysed by exposure to 500~I of sterile 0.1 % Triton XIOO (Sigma) in PBS for 10 min at room temperature. Aliquots of cell Iysates were serially diluted and plated to quantify viable intracellular bacteria (CFU/ml of celllysates).
DNA manipulations
Total genomic DNA extraction, restnction digestion, electrophoresis, PCR amplification, and DNA fragment purification were carried out as described previously (12) . DNA probes were obtained by PCR amplification. Oligonucleotides FLW (5'-GCCGCGGTCGGCCTGACCC-3') and FLR (5'-AGCGCTTCGTCGGTGGCCG-3 '), complementary to internal regions of the jliI DNA sequence of Xanthomonas campestris, were used to amplify a 1.2 kb internal fragment of the putative jliI homologous of S. maltophilia strain K279a. Oligonucleotides PrL (5'-CGAGAACGACAACGAGTGCTACA-3') and PrR (5'-CACGGCGGTCTTGTTGGTCA-3') were used to amplify a 0.9 kb internal fragment of the StmPrl gene (GenBank accession no. AJ291488) (13) . Both DNA probes were labeled with a-p 32 dATP by the random priming method (Amersham Kit), and Southern hybridization was performed according to Sambrook and Russel (14) . The radioactive bands were detected and quantified in an Instant Imager electronic autoradiographer (Canberra Packard).
RESULTS
Antibiotic resistance
Treatment of S. maltophilia infections is considered a difficult task because of its innate high resistance to several commonly adopted broadspectrum antibiotics. In order to characterize the strains used in this study (Table I) , we first determined their antibiotic resistance profiles. Considering their possible environmental origin, the strains were assayed at 30°C and at 37°C. As reported in Table I , all strains, including the environmental strain LMG959, were resistant to several antibiotics. Interestingly, some strains (OBGTCI6, -23, -24, -28, -29, -34 and the blood-isolated reference strain K279a) show a wider antibiotic resistance profile when assayed at 30°C than at 37°C (Table I) , while strains OBGTC9, -10, -20, and -26 do not exhibit such a temperaturedependency. Diversity of the antibiotic resistance profiles of S. maltophilia strains assayed at different temperatures has been previously documented (15), but the underlying molecular mechanisms have not been elucidated. Our results suggest that the strains displaying a temperature-independent antibiotic resistance pattern may have had a different origin or may have undergone modifications, possibly due to the permanence within host tissues.
Biofilm formation
The ability to adhere to host tissues and to produce biofilm is considered an important virulence factor that allows pathogens to persist within the host and to augment their resistance to antibiotics. We investigated the ability of S. maltophilia strains to adhere to and to form biofilm on abiotic surfaces by using polystyrene plates (Fig. 1) . By using a cut-off value of 00 492 0.116, 10 of the 13 S. maltophilia strains examined (76.9 %) were found to produce biofilm. Interestingly, strains OBGTC9 and 10 (both associated with chronic lung infections in CF patients), as well as the environmental 
Motility assays
Motility is considered an important trait in biofilm formation and virulence. The results of motility tests are shown in Fig. 2 . S. maltophilia strains exhibit a very broad range of motility. Swimming motility ranges from 3.7 mm (OBGTC34) to 12.4 mm (OBGTC26), while twitching motility ranges from 3.0 mm (OBGTC9, -10, -34, K279a and LMG959) to 15.2 mm (OBGTC29). On the contrary, none of the isolates tested shows swarming motility. Correlation between biofilm formation and motility is shown in Fig. 3 : no significant correlation is observed (Pearson r: -0.183 and 0.260, for swimming and twitching, respectively; P> 0.05).
Adherence to epithelial respiratory A549 cells
Adherence to epithelial cells is central to the initiation of bacterial colonization or invasion of host tissues. Light microscopy of A549 cell monolayers infected with S. maltophilia isolates shows the presence of bacteria adherent to A549
." environmental isolate LMG959, all strains are able to invade A549 cell monolayers (data not shown), albeit at a very low level. Viable intracellular bacteria represent only a minor fraction of the total bacterial input used to infect cell monolayers (CFUs of celllysates range between 0.002% and 0.005% of the initial inoculum). '" :c cells, as well as to the glass of the coverslips, in a time and dose-dependent manner (data not shown). All the 11 CF clinical isolates present an apparently identical adherence pattern, irrespective ofthe ability to form biofilm or to induce swimming/twitching motility. After 3 h of incubation at MOl of 100 all strains show an increase in the number of adhering bacteria. Fig. 4 shows typical adherence patterns of representative S. maltophilia isolates. Bacteria tend to form aggregates on A549 cells and seem to adhere mainly along intercellular junctions, thus delineating cell contours.
Bacterial internalization by epithelial respiratory A549 cells
To ascertain whether our S. maltophilia isolates were able to enter into A549 cells, bacterial internalization was assessed by an antibiotic exclusion assay using a combination of amikacin and ceftazidime. The combination of these antibiotics, while highly effective (inhibition of growth > 99%) on the S. maltophilia isolates, is not toxic for A549 cells (data not shown). With the exception of the An extracellular protease encoded by the StmPr1 gene has been shown to contribute to the pathogenicity of S. maltophilia (13) . Southern blot analysis was performed to detect the presence of this gene in our S. maltophilia strains. Fig. 5B shows that the StmPr1 probe recognizes an identical EcoRI 12.2 kb fragment only in three strains: OBGTC9 and -10, and the blood-isolate reference strain K279a. This indicates that the presence of the gene encoding the StmPrl protease is not widespread among the S. maltophilia strains we analyzed, but is rather associated only with two strains able to establish persistent infections in CF patients.
S. maltophilia is a Gram-negative environmental microrganism able to survive in a wide variety of niches. Despite its prevalence in the environment, recently S. maltophilia has been isolated with increasing frequency from health care associated infections and from CF patients. In the latter case a progressive deterioration of pulmonary functions has been observed, particularly in patients colonized for longer periods by this microrganism (1-2). Accurate epidemiological evaluations indicate that S. maltophilia is by far the most frequent emergent pathogen, being isolated from up to 25% of the CF patients in Europe (3). Infections caused by S. maltophilia are particularly difficult to eradicate because it is usually highly resistant to many currently available broad-spectrum antibiotics. Several factors contribute to the high antimicrobial drug resistance, including a low outer-membrane permeability, the production of L1 and L2 13-lactamases, and the presence of multi-drug resistance (MDR) chromosomal loci (9, 17) . Moreover, adhesion of S. maltophilia to abiotic surfaces, such as those of medical implants and catheters, has suggested that in vivo this microrganism may develop biofilm that may protect it from natural or acquired immune defences and from the action of antibiotics (II, 18). Despite its clinical importance, little is known of the 
Molecular detection ofvirulence related genes
Little is known about the virulence factors associated with the pathogenicity of S. maltophilia. Flagella have been reported to be involved in adherence and invasion, as well as in biofilm formation (16) . To detect the presence of the genetic system coding for flagella in our strains, we performed Southern blot hybridization analysis using a specific probe, as described in Materials and Methods. To this end, total DNA preparations of the 13 S. maltophilia strains were digested with the EcoRI restriction enzyme, transferred to nitrocellulose filters, and hybridized with the a 32 Plabeled probe. The results obtained (Fig. 5A) show that a homologous of the flil gene of X campestris is conserved in all the S. maltophilia strains tested. The X campestrisflil gene codes for the f1agellum- Biofilms are structured communities of bacterial cells enclosed in a self-produced exopolysaccharide matrix and adherent to an inert or living surface . The ability of bacteria to adhere to host tissues and to form biofilm in vivo are considered important prerequisites for colonization and for the establis hment of infectio ns (18) . The result we obtained by analysing the capacity of our S. maltophilia strains to produce biofilms on abiotic surfaces reveal that the majority of strains are biofilm-positive and that there are remarkable differences in the level of biofilm formation . 
..... role of S. maltophilia in the pathoph ysiology of CF lung diseases, nor of the factors involved in virulence and in biofilm formation. In this study we have analyzed some relevant virulence traits expresse d by II S. maltophilia clinical strains isolated from different CF patients. All strains tested show a wide spectrum of antibiotic resistance, and several of them were found to be more resistant when grown at low-temperature (30°C) rather than at 37°C (Table I) . Temperature-dependent variations OBGTC20 and -23 are the strains that more strongly adhere to plastic wells, while OBGTC9 and -10 (two strains able to establish chronic lung infections in CF patients) apparently do not produce biofilm.
Motility is also considered an important trait in biofilm formation and virulence. While flagella have been shown to be required for initial biofilm formation, type IV pili are involved in twitching motility, which is required for microcolony aggregation (16, 18) . The results of motility tests ( Fig. 2 and 3) show that our S maltophilia strains exhibit a very broad range of motility, but we do not observe any significant correlation between biofilm formation and motility (P > 0.05). Light microscopy of A549 cell monolayers infected with the different S maltophilia isolates shows the presence ofbacteria adherent to cell monolayers, as well as to the glass covers lips, in a time and dose-dependent manner. As shown in Fig. 4 , bacteria tend to form aggregates, and adherence appears mostly along intercellular junctions.
Invasion of epithelial respiratory cells was recently reported for S maltophilia CF clinical isolates (8) . Uptake of our S maltophilia strains by A549 cells was assessed carrying out exclusion experiments with a combination of antibiotics (amikacin and ceftazidime) that we proved to be effective in selectively eliminating extra-cellular bacteria. The results indicate that, with the exception ofthe environmental S. maltophilia isolate LMG959, all strains are able to invade A549 cells, albeit at a very low level.
Flagella have been implicated in the adherence and invasion of host cells, as well as in the formation ofbiofilm (5, 16) . To characterize the presence and the genetic organization of the flagellum-encoding genes present in S maltophilia strains, we carried out Southern blot hybridization analysis (Fig. 5A) . A sequence homologous to the X campestris flil gene, encoding the flagellum-associated ATPase, was found to be present in all the Smaltophilia strains tested. The hybridization patterns reveal a high degree of variability among the genomic EcoRI fragments (9.4, 8.2, 7.5 and 6.6 kb) recognized by the probe.
Proteases secreted by pathogenic bacteria are considered virulence factors, possibly implicated in the destruction of cell components such as cellular membranes, immunoglobulins, etc. (19) . The extracellular protease StmPrl has been recently shown to be relevant for the pathogenicity of S maltophilia (13) . The results obtained by Southern blot analysis (Fig. 5B) reveal that the StmPrl-coding gene is present in an EcoRI fragment of identical size (12.2 kb) only in the genomes of OBGTC9 and -10, the two strains associated with life-long persistent CF infections, and of K279a, a the bloodisolated reference strain. Thus the StmPrl protease gene does not appear widespread in S maltophilia clinical isolates. Variability among clinical isolates of S maltophilia is a recurrent observation. Several reports have highlighted genotypic and phenotypic differences among collections of isolates even from the same hospital (17) .
In conclusion, the data obtained in this study underline how the pathogenicity of S maltophila is a complex multifactorial phenomenon, as yet far from being entirely understood. In this context, it will be crucial to fully decipher the cellular and molecular mechanisms exploited by S maltophilia to colonize lung. tissues and trigger chronic airway inflammations.
